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In microalgae, the photosynthesis-driven CO 2 assimilation delivers cell building blocks that are used in different biosynthetic pathways. Little is known about how the cell regulates the subsequent carbon allocation to, for example, cell growth or for storage. However, knowledge about these regulatory mechanisms is of high biotechnological and ecological importance. In diatoms, the situation becomes even more complex because, as a consequence of their secondary endosymbiotic origin, the compartmentation of the pathways for the primary metabolic routes is different from green algae. Therefore, the mechanisms to manipulate the carbon allocation pattern cannot be adopted from the green lineage. This review describes the general pathways of cellular energy distribution from light absorption towards the final allocation of carbon into macromolecules and summarizes the current knowledge of diatom-specific allocation patterns. We further describe the (limited) knowledge of regulatory mechanisms of carbon partitioning between lipids, carbohydrates and proteins in diatoms. We present solutions to overcome the problems that hinder the identification of regulatory elements of carbon metabolism.
This article is part of the themed issue 'The peculiar carbon metabolism in diatoms'.
Introduction
Carbon allocation in diatoms is defined as the partitioning of photosynthetically assimilated carbon into the pools of different macromolecules, i.e. proteins, lipids, carbohydrates and nucleic acids. Under optimal conditions of light, nutrient availability and temperature, the carbon flux for the synthesis of cell macromolecules (figure 1; Fc) is in equilibrium with the energy flux provided by photosynthesis (Fs). However, changing environmental conditions can result in a loss of equilibrium between these two fluxes. Therefore, microalgae require efficient regulatory responses to promptly adjust them and meet their needs for growth. To illustrate the energetic pathways in diatom cells from absorbed light to carbon allocation to sustain cell growth, figure 1 depicts two different scenarios based on results of the study of Jakob et al. [1] . Scenario 1 (figure 1a) represents diatom cells cultivated under nutrient-rich conditions in combination with moderate light. The carbon allocation pattern revealed a high proportion of proteins, which is necessary to support a high growth rate. As a consequence, there was a high demand for electrons per assimilated carbon. In this case, Fs is in equilibrium with Fc and the necessity for the cells to dissipate excessively absorbed light or to store excessive carbon is low (see below). By contrast, scenario 2 summarizes the energy and carbon fluxes of cells grown under nitrogen-limited conditions in combination with high light (figure 1b).
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Nitrogen limitation drastically reduced the growth rate and the carbon flux (Fc) and, more importantly, changed the carbon allocation pattern to a biomass with a significant lower proportion of proteins and an increased fraction of carbohydrates. As the synthesis of carbohydrates requires fewer electrons per carbon than the synthesis of proteins, the cells were forced to strongly downregulate the photosynthetic energy flux (Fs) by the increase in energy dissipation measured as non-photochemical quenching (NPQ) and alternative electron pathways (e 2 alt ). Diatoms are species particularly successful in highly dynamic habitats [2] . As a consequence, diatoms are forced to constantly re-adjust the equilibrium between Fs and Fc under these environmental conditions. Whereas regulatory elements of the photosynthetic flux are sufficiently characterized in diatoms [3] , there is only limited knowledge about the way carbon allocation is regulated. This is an important issue because carbon allocation does not only influence Fc but also Fs (see above). The circumstance is further complicated by the fact that diatoms differ from green algae due to their distinct metabolic compartmentation [4, 5] and to the presence of additional metabolic pathways (e.g. urea cycle, see below) [6] . Therefore, the identification of the regulatory elements in carbon allocation is of paramount importance not only in the context of predicting the changes in global element cycling under climate change conditions but also for biotechnological applications. The modern techniques of genetic transformation by means of gene editing open new perspectives of metabolic engineering to use algal cells as factories for the production of highly valuable products [7] . However, a sound engineering strategy by gene manipulation must be based on knowledge about the sensors involved, the signal transduction pathways and the target genes of regulatory elements.
From these observations, it is obvious that photosynthetic energy and carbon allocation cannot be regulated independently of each other. Therefore, this review presents the current knowledge about the regulation of metabolic pathways in balancing the energy and carbon fluxes in diatoms, starting from light absorption to end with the partitioning of carbon within the cellular macromolecule pools. Furthermore, we highlight the current restrictions to identifying the regulatory elements of carbon allocation and present possible solutions to overcome these problems. ealt (8%) Figure 1 . Schematic of cellular pathways of photosynthetic energy and carbon allocation in diatoms based on two different scenarios with either (a) optimal growth conditions or (b) nitrogen-limited conditions according to the results of Jakob et al. [1] . The fractions of the different pathways of photosynthetic energy were calculated based on the amount of absorbed radiation. At PSII, photosynthetically absorbed photons are converted into electrons that are fed to the electron transport chain. Here, different options (energy sinks) exist to dissipate excess energy (see text for details). At PSII, energy can be dissipated unregulated as fluorescence and heat. In addition, cells can actively regulate energy dissipation via the mechanism of non-photochemical quenching (NPQ). Additional electron sinks are represented by alternative electron pathways (e 2 alt ) and the reduction in nitrate and sulphate (N/S). Basic metabolic energy demand is covered by respiration. Finally, the remaining net energy flux (denoted as 'Fs') delivers the reductants and the energy equivalents to reduce CO 2 in the Calvin cycle to synthesize building blocks for the subsequent biochemical pathways. In this respect, 'Fc' denotes the cellular carbon flux that is designated to afford cell growth/cell division and storage. Excess carbon could be stored as neutral lipids (triacylglyceroles, TAG) and polysaccharides (chrysolaminarin, b-1,3-glucan). The calculation of Fc was based on total amount of carbon in the cell biomass, whereas the carbon allocation pattern was derived from the relative fractions of lipids, proteins and carbohydrates in the biomass. The scaling of Fc in relation to Fs was based on the ratio Fs : Fc which was calculated from the measured net fluxes of photosynthetic energy and carbon production, respectively [1] .
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The quantum efficiency of biomass production is determined not only by the yield of photosynthetic light reactions but also by the overall energetic costs of cellular metabolism. Thus, metabolic costs depend on, for example, energy requirements for nutrient acquisition, defence mechanisms, the biomass composition, the cell cycle activity and stress-induced repair activities (reviewed in [8] ). An understanding of the ecological success of algal groups or even species under natural conditions (e.g. in the presence of competition or nutrient limitation) requires knowledge of the quantum efficiency of specific metabolic processes and the partitioning of photosynthetically acquired carbon. Moreover, to use algae/diatoms for biotechnological applications, knowledge of metabolic pathways, their quantum efficiency and regulation is essential, either to search for suitable strains or to apply metabolic engineering to generate cells that preferentially incorporate carbon into desired products with an optimized efficiency.
A suitable approach to reveal the quantum efficiency of different levels of carbon allocation in algae under specific growth conditions is the measurement of energy balances [1, 9] . The principle of these measurements is the differentiation between certain levels of cellular energy/carbon allocation by the application of a set of methods, e.g. measurement of cellular light absorption (Q phar ), active Chl a-fluorescence, O 2 /CO 2 gas exchange and the analysis of biomass composition. In this way, at least five levels of cellular metabolism can be distinguished and analysed: (i) the efficiency of the primary photosynthetic reaction at photosystem II (PSII), (ii) the dissipation of absorbed light energy by regulated/non-regulated non-photochemical processes and energy dissipation by fluorescence, (iii) the activity of alternative electron sinks, (iv) mitochondrial respiratory losses, and (v) the degree of reduction in cellular biomass as a function of its macromolecular composition. In the following sections, it is intended to describe the relevance and the quantitative impact of these metabolic levels on the energy balance in diatoms.
(a) Light absorption
A prerequisite to calculating energy balances of the carbon that is allocated into different metabolic sinks (growth, storage or excretion) is the knowledge of the amount of absorbed light energy (Q phar ; [10] ). Q phar can be estimated by measuring the in vivo-absorption spectra of cell suspensions and by calculating the Chl a-absorption coefficient (a* phy ). This coefficient can be defined as the effective absorption area per Chl and depends on the packaging of Chl molecules within the chloroplast membrane. It was shown that a* phy varies drastically depending on the size and the nutrient and light acclimation status of microalgae [1, 11, 12] . Besides the requirement of Q phar for the calculation of the quantum efficiency of photosynthesis and carbon allocation, this information is also useful to estimate, for example, the maximum cell loading for specific reactor designs/dimensions, or to estimate the potential of biomass production of metabolically engineered algae [13] .
(b) Quantum yield of photosystem II and dissipation of excess energy
For an energy balance, the measurement of the effective PSII quantum yield under illumination is also required. This effective quantum yield is influenced by the absorption efficiency of the cell (see above) in relation to the capacity of the electron transport chain (ETC). In the case of a sudden increase in illumination, the capacity of the ETC may not be sufficient, thus an increasing excitation pressure at PSII requires pathways that can safely dissipate excessive absorbed energy via regulated NPQ. Therefore, the effective quantum yield of PSII and the extent of NPQ are indirectly correlated [14] . The advantage to diatoms of using NPQ as an energy dissipation mechanism is the very high capacity in combination with fast activation kinetics (i.e. in the order of a few minutes [15] ). In particular, diatoms profit from the NPQ mechanism because their habitats are zones of high turbidity with strong light gradients [16] . Diatoms generally possess a higher regulated NPQ capacity than green algae, and therefore, the ecological importance of NPQ in diatoms has been intensively investigated during the last 10 years [17] . However, it was also shown that diatoms can be divided into two types with either higher or lower NPQ capacity, indicating that excessive energy may be dissipated by other pathways in the low NPQ type [18] [19] [20] .
A high NPQ capacity has the disadvantage that specific pigments, proteins and enzymes are required. Moreover, the dissipated energy is inevitably lost as heat, which is in contrast with the energy dissipation via alternative electron pathways (see below). On the other hand, the regulated NPQ prevents the formation of harmful oxygen species and its capacity exceeds the fluxes of alternative electron pathways by several factors.
(c) Alternative electron pathways
In the linear electron transport pathway, electrons released at PSII will be used to reduce NADP þ to NADPH. This process takes place at photosystem I (PSI) and requires a second electron excitation step induced by the absorption of an additional photon. PSI is also the branching point for electrons consumed in the so-called alternative electron pathways. Alternative electrons will not be used for NADPH production but for the reduction in nitrate, sulfate, oxygen (Mehler reaction) and for electron cycling around PSI. These alternative electron pathways have in common that they do not produce reducing equivalents, but they contribute to the proton gradient across the thylakoid membrane and, thus, to ATP production. Therefore, the energy of alternative electrons is not lost per se, but it is used to adjust the NADPH/ATP ratio in the chloroplast under unbalanced cell conditions. The activity of cyclic electron transfer around PSI appears to be low in diatoms and thus, is not involved in the regulation of the ATP/NADPH ratio. Instead, the interaction and energetic exchange between chloroplast and mitochondrium plays an important role in the optimization of the cellular demand for ATP and NADPH in diatoms, a situation very different from cells of the green lineage [21] .
Owing to methodological constraints, only limited quantitative data for electron consumption by Mehler reaction or the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160410 PSI cycle in diatoms are available. Nevertheless, light-induced oxygen uptake by Mehler reaction was estimated to be an important alternative electron sink (20-50% of gross oxygen production at PSII) under unbalanced growth conditions [22] [23] [24] . The electron requirement for the reduction in nitrate and sulfate to meet the cellular demand for synthesis of new biomass is rather low. Under nitrogen-replete conditions (low C : N ratio), it could be estimated to yield a maximum of 15% of electrons released at PSII (calculated on the basis of published data [1, 20] ). However, the study of Lomas & Glibert [25] shows that diatoms can store significant amounts of nitrate in excess with respect to the biosynthetic demand. They can further excrete significant amounts of reduced nitrogen into the surrounding medium, particularly under conditions of changing water temperature. In this way, reduction in nitrate may represent an important electron sink in diatoms. This assumption is further supported by a recent study showing that the nitrogen metabolism in the diatom Phaeodactylum tricornutum is redox-regulated [26] . These characteristics enable the nitrate reduction pathway and subsequent reactions, such as the urea cycle and photorespiration [6] , to be a fast-responding electron sink under changing environmental conditions.
There are three additional alternative electron transport pathways that transfer electrons back to oxygen but do not take place at PSI: photorespiration, chlororespiration and cyclic electron transport around PSII. Owing to the presence of carbon-concentrating mechanisms (CCMs) in diatoms, the activity of photorespiration can be assumed to be relatively weak [3, 27] . On the other hand, based on the analysis of transcript levels of photorespiratory enzymes, there is evidence for increased photorespiratory activity in a diatom under conditions of high light and cool temperatures [28] . This is a very interesting finding, with respect to the excessive reduction in nitrate in diatoms under comparable growth conditions (see above) and it implies a role of photorespiration by the incorporation of reduced N (ammonium) into amino acids (see also [29, 30] ). However, there are only very limited quantitative data about the impact of photorespiration as a sink for alternative electrons. In Skeletonema costatum [31] , it was shown that photorespiration consumes only a few per cent of the total photosynthetic electron transport.
The chlororespiratory reduction in oxygen by stromal reductants can be important in diatoms under certain environmental conditions such as prolonged darkness [32] . However, it is assumed that chlororespiration is not active under actinic illumination [33] and will not be considered in detail in this review.
The cyclic electron transport around PSII re-donates electrons to the reaction centre and can be detected as a deficit of oxygen evolution under illumination with single-turnover flashes [34] . In diatoms, a strong activity of the PSII cycle was observed under high light stress [18] . Recently, it was shown that nitrogen limitation in combination with dynamic light conditions significantly enhances PSII-cycle activity in a diatom [35] . From the correlation of the measured oxygen deficit and the extent of alternative electron flow, it was further concluded that the PSII cycle could play a significant role in the dissipation of excessive photosynthetic energy under unbalanced growth conditions. However, a precise quantification of PSII cyclic electron transport is not possible due to methodological constraints.
(d) Respiratory losses and degree of reduction in biomass
Mitochondrial respiration (including the citric acid cycle and oxidative phosphorylation) is not easy to integrate in quantitative terms into energy/carbon balances of microalgae [36] . On the one hand, the final reduction in molecular oxygen to water is coupled to a release of CO 2 , thereby influencing the amount and the quantum efficiency of carbon fixed into the cellular biomass. On the other hand, respiration delivers NADH and ATP for the synthesis of cellular metabolites and thus, it is not a loss process with respect to cellular energy. However, the latter could be biased by alternative respiration, which dissipates excess reductants by the mitochondrial alternative oxidase (AOX) in combination with strongly reduced ATP production [37] . In diatoms, alternative respiration can be an important valve to dissipate cellular energy because it contributes to 50% of mitochondrial respiration [21] . The impact of respiratory activity on the energy balance of microalgae depends on their metabolic activity. Thus, respiration is different in slow-or fast-growing cells [36] and in response to changed environmental conditions, like temperature [38] , nutrient status [1] or day length [39, 40] . The metabolic activity of microalgae is also influenced by their macromolecular stoichiometry and the degree of reduction in cellular macromolecules. This is explained by the fact that the synthesis of carbohydrates requires four electrons per carbon, whereas the synthesis of lipids and protein strongly increases the electron requirement to a value of greater than 6 [41] . The metabolic energy for biosynthesis of macromolecules is delivered by both respiration and photosynthesis. Therefore, depending on the relative fractions of carbohydrates, lipids and proteins in the biomass, the photosynthetic quotient (net O 2 evolution rate/net CO 2 consumption rate) may vary in diatoms between 1.1 and 1. 
The biochemical phenotype of diatoms (a) Biomass composition under optimal growth conditions
From previous studies, it is evident that the macromolecular composition of microalgae depends on environmental/ experimental conditions and on the resulting growth rate. It is, therefore, not surprising that the relative cellular proportions of carbohydrates, proteins and lipids vary tremendously in the comparison of different studies (see §3b). However, a recent work allows a general description of the biochemical phenotype of diatoms in comparison to other microalgae groups [42] . Accordingly, under nutrientreplete conditions, the mean lipid content of diatoms accounts for 19% of dry weight (DW) which is higher than the median values over all microalgae groups (17% lipids of DW), whereas the mean carbohydrate content (12% DW) and protein content (27% DW) of diatoms is lower (15% carbohydrates, 32% proteins; mean of all species). Obviously, diatoms possess a significantly lower protein : lipid ratio (1.7) and carbohydrate : lipid ratio (0.6) compared with the microalgae group-independent mean values of 2.2 and 0.9, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160410
respectively [42] . An additional peculiarity of diatoms is the presence of a silica shell that can make up to 10% of cellular DW [43] . This increases the cellular ash content in diatoms to 27% compared with a median value over all microalgae groups of 17% ash content [42] . It has to be pointed out that the diatom P. tricornutum is an important exception that contains only a marginal amount of silica as this species does not develop a typical silica shell. Nevertheless, this diatom species is used as a model organism for physiological studies and is one of the few diatom species with a fully sequenced genome [44] .
(b) Biochemical spillover and biomass composition under unbalanced conditions
Under optimum growth conditions (high growth rate), photosynthetically fixed carbon is initially guided into carbohydrates during the light period and is detectable as diurnal variation of the cellular carbohydrate content [35, 36, 45] . Apart from these diurnal changes of macromolecular composition, changes in growth conditions can force microalgae into unbalanced conditions of fluxes (changed ratio of ratio of Fs : Fc; figure 1) and will drastically change the carbon allocation pattern.
The equilibrium between Fs and Fc can be easily disturbed when low light acclimated cells are transferred to supersaturating light conditions (high Fs : Fc). Besides the induction of photoprotective mechanisms (e.g. NPQ), a typical reaction to high light stress is the reorganization of the proteome. As a consequence, metabolic carbon fluxes (Fc) are adjusted by increasing cell growth and carbohydrate storage, whereas Fs is decreased by antenna size reduction [46] . Especially in diatoms, this could also result in a higher proportion of lipids at the expense of proteins and carbohydrates [47 -49] .
Not only light but also nutrient availability disturbs the balance between Fs and Fc, leading to decreased growth rates and to drastic changes in the allocation of carbon to the different macromolecular pools [36, 50] . In particular, N limitation was intensively studied in diatoms, because the shift from replete to starved conditions is a common process in the natural environment and strongly influences the function of diatoms as a CO 2 sink in the ocean. During a transition from replete to N-limited conditions, the cells must adjust their carbon allocation pattern to the N availability by reducing the N-containing components such as amino acids, proteins and RNAs [48] . This reduction leads to an altered allocation of the photosynthetically produced building blocks into other pathways, most probably towards storage compound synthesis (metabolic spillover) [51] . In addition, N-limited cells must reduce the amount of energy provided by photochemistry in a feedback regulatory mechanism. Thus, phenomenological, N-limited cells are characterized by less chlorophyll, less thylakoids and a higher content of storage compounds. In diatoms, the latter can be neutral lipids [52, 53] , chrysolaminarin [52, 53] or even both components [54] . Consequently, the response of the cells to N shortage requires a complex reorganization of the metabolic fluxes into the different pathways of protein, carbohydrate and lipid synthesis [55] .
Besides nitrogen, diatoms are known to be frequently limited by the availability of iron, silicon and phosphate. Iron-limited cells in the open ocean as well as in laboratorycontrolled experiments are characterized by a decreased size of the photosynthetic apparatus mainly due to a lower amount of PSI, of the cytochrome complex and to a minor extent to a lower amount of PSII [56] . This reorganization of the ETC causes lower photosynthetic performance [57, 58] . Although there are species-specific differences in the response to iron limitation [57, 59] , generally, diatom cells tend to have lower growth rates, lower iron per carbon amounts, but increased specific cell size [37, 56, 58] . It was further observed that the release of cells from iron starvation induced changes in transcription levels of components of the metabolic network [60] and resulted in a considerable reorganization of the proteome [61] . Thus, changes in carbon allocation pattern may also be expected. Unfortunately, detailed analyses of diatoms' macromolecular composition in response to iron limitation are scant as yet [62] .
Further studies have been performed on freshwater diatoms in response to phosphorus and silicon limitation [43,63 -65] . Both nutrients play an important role in freshwater systems, because phosphorus can be the main limiting factor of microalgae growth and is a key factor in controlling water quality. In summary, almost all of the studies describing diatoms' response to phosphate and/or silicon limitation show a similar pattern: the growth rate decreases, the pigment as well as protein content are downregulated and storage products tend to accumulate [43, 66] . Interestingly, in diatoms, the preference to store either lipids or carbohydrates is species-dependent [43, 67, 68] .
From these data, one can conclude that changes of environmental conditions force microalgae into an unbalanced state. Typically, under these settings, the ratio of energy flux from photosynthesis (Fs) to the flux of carbon (Fc) is much higher and cells must react to avoid futile carbon waste or damage. The response includes changes at the level of the photosynthetic electron pathways that downregulate Fs, but also changes at the level of carbon allocation to keep Fc as high as possible. In the latter case, it is obvious that even within the group of diatoms, there is not only one strategy to handle the excess of metabolic energy (see above). Unfortunately, our knowledge about the regulation of the different pathways of metabolic spillover is very scarce (see below).
Regulatory elements determining the biochemical phenotype
Today, a variety of newly developed methods can be applied for the identification and characterization of regulatory factors of cell metabolism. Genome sequence data are available and genetic transformation has been made possible in diatoms [69] . With the recent application of the so-called 'omics' approaches, huge amounts of metabolic data, as well as transcriptomes, became available and the outcome of those data will further increase in the future [70] [71] [72] . Furthermore, complex metabolic models can illustrate processes related to macromolecular metabolism [73] [74] [75] . Based on these recent studies, a couple of metabolic key processes and possible regulators in diatoms have been described and will be briefly discussed here (figure 2). A specific biochemical feature of diatoms is the storage of carbohydrates outside of the chloroplast as chrysolaminarin, a b-1,3-glucan. Unfortunately, until now, it was not possible rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160410 to uncover the entire biochemistry of the chrysolaminarin synthetic pathway. However, whole-genome analysis could identify key enzymes and their subcellular distribution [73] . Genetic transformation of these identified genes can be further used to investigate their regulatory function. The silencing of the chrysolaminarin synthase, for example, resulted in a re-distribution of assimilated carbon into lipids [76] . A similar carbon allocation pattern was observed upon silencing the chloroplast-located UDP-glucose pyrophosphorylase [77, 81] . Thus, it could be hypothesized that the branching and regulatory point for the storage of excess carbon as carbohydrates or as lipids is localized in the chloroplast (figure 2). This assumption is supported by investigations on diatoms impaired in specific C4-cycle enzymes. Originally, the C4 cycle in diatoms was suggested to operate as a CCM [82] . However, more recent studies suggest a role in dissipation of excess energy and in pH homeostasis [78] . Genome analysis could identify the proteins required for the C4 pathway and their putative subcellular localization in a diatom [73] . The pyruvate-orthophosphate dikinase (PPDK), for example, catalyses the phosphorylation of pyruvate into phosphoenolpyruvate (PEP) (figure 2). Interestingly, the knockdown of PPDK induced an accumulation of lipids and carbohydrates in P. tricornutum [78] . From this result, it was concluded that the decreased consumption of pyruvate by PPDK can induce a metabolic imbalance in the chloroplast. It should be noted that the growth rate of wild-type and mutant strains of P. tricornutum was similar in the study of Haimovich-Dayan et al. [78] . This is a strong indication that silencing of PPDK did not change the cellular metabolic carbon flux in quantitative terms, which is in contrast with, for example, experiments under nutrient limitation. Therefore, the evaluation of an energy balance and the quantitative knowledge of the macromolecular composition would allow the analysis of the energy/carbon flux into different pools of mutant strains under, for example, different intensity of illumination and a thereby induced metabolic imbalance.
The investigation of C4 pathway enzymes in diatoms revealed another possible site of carbon allocation regulation in the mitochondrial metabolism. The PEP carboxykinase (PEPCK) decarboxylates oxaloacetate to PEP, thereby draining carbon skeletons from the tricarboxylic acid (TCA) cycle (figure 2). In the study of Yang et al. [79] , it was shown that the downregulation of PEPCK in P. tricornutum was accompanied by a slight increase in the content of neutral lipids. Moreover, in the PEPCK-silenced cells, the transcription level of the fumarate hydratase increased significantly, indicating that intermediates of the TCA cycle may have accumulated. From the results, it could be concluded that the PEPCK is involved in lipid metabolism in diatoms. However, the regulatory mechanism remains unknown.
As lipid production is in the research focus of biotechnical applications, there is strong interest in uncovering the whole pathway in diatoms. In very early studies, the evaluation started with the phenotypical selection of lipid-producing strains and it became clear that high lipid production is always coupled to conditions that severely decrease growth rates. To increase lipid productivity, it is attempted to understand lipid metabolism and its regulation in order to generate high-lipid-containing cell lines by specific genetic modifications. The study of Tanaka et al. [83] demonstrates that genome and transcriptome data of diatoms could be used to select promising candidate species. Moreover, such an approach provides valuable information at least on targets of regulation (e.g. fatty acid biosynthesis versus b-oxidation)
but not yet on the regulatory mechanism itself. In a more specific approach, the overexpression of diacylglycerol acyltransferase, for example, increased lipid concentration and the number of lipid bodies [80] (figure 2) which points to a potential regulatory step. Another approach to reveal metabolic pathways and even metabolic fluxes is genome-scale modelling [75, 84] . Such a modelling allows in silico prediction of carbon allocation under different growth conditions and the prediction of metabolic effects of genetic modifications [75] . However, these models are based on assumptions about the pathway regulatory elements which are not yet proved for diatoms.
5. Experimental set-up for the identification of regulatory elements of carbon allocation
As outlined above, previous approaches to identify regulatory mechanisms of cellular metabolism (e.g. nutrient limitation) mostly employed conditions where the cellular source/sink ratio (e.g. capacity of primary photosynthetic reaction versus carbon fixed in the biomass) was changed drastically. This resulted in changes of the excitation pressure at photosystems but also in shifting the degree of reduction in the ETC or even of the cellular redox balance. Therefore, under these conditions, it is difficult or even impossible to distinguish between primary and secondary regulatory effects on cellular metabolism. Therefore, it does not matter which approach is used, either nutrient limitation or genetic transformation. Blocking one or more key enzymes as a possible regulatory step does not explain regulation by itself, but results in a changed source/sink ratio of the metabolites, thereby inducing secondary reactions from the regulatory network.
An alternative approach to investigate changes in cell metabolism and to identify targets of metabolic regulation in diatoms is the carbon flux analysis of wild-type cells grown under different light quality but equal amounts of absorbed photosynthetically active quanta. In this case, the primary reactions of photosynthesis are not influenced by the light climate, thus changes in the metabolic phenotype are only due to different metabolic regulations. In diatoms, light quality is sensed by photoreceptors of the cryptochrome and aureochrome family [85] . It was shown that the growth of P. tricornutum under red light (RL) or blue light (BL) illumination with the same amount of absorbed quanta resulted in similar steady-state growth rates but in a very different photoacclimation status of the cells [86] . This means that these growth conditions did not change the source/sink ratio but obviously influenced the regulatory network of the cells. Moreover, a recent study revealed that a quantum-controlled shift RL to BL illumination or vice versa induced severe changes in the metabolome and in the macromolecular composition of P. tricornutum within a time frame of minutes to hours [87] . Accordingly, the shift from RL to BL induced a significant increase in metabolites of glycolysis, TCA cycle and amino acids within 15-30 min followed by a significant increase in carbon partitioning into proteins within 2 h after the shift. By contrast, the metabolite profile revealed a decreased abundance of amino acids, an increase in metabolites of the pentose phosphate pathway and a significant increase in the carbohydrate pool during the shift from BL to RL illumination. As the BL receptor aureochrome is a light-regulated transcription factor, these changes can be interpreted both as a result of regulated enzyme activity and of changes on the transcriptional level. This assumption is in agreement with the study of Rosenwasser et al. [26] where the redox regulation of enzymes of glycolysis, the nitrate reduction pathway and amino acid synthesis was proven. In addition to redox regulation, the analysis of changes in the transcriptome of P. tricornutum WT cells in comparison to Aureochrome-1a knockout mutants revealed that aureochromes play a crucial role in the regulation of cellular processes on the transcriptomic level (M Mann et al. 2017, unpublished results). Currently, it is not known whether aureochromes are also involved in short-term regulation (e.g. as a master regulator) of cellular metabolism in diatoms.
Importantly, shifts in light quality on a short-term scale do not change the availability of nutrients or the absorption efficiency of the cells. Therefore, it could be concluded that the source/sink ratio is not changed during light quality shift experiments and any changes in the energy/carbon allocation profile of cells should be induced by primary regulatory mechanisms. This opens the possibility to study targets of regulation of cellular metabolism by means of light quality shift experiments.
Conclusion
In diatoms, the metabolic pathways from trioses to the macromolecules forming new cells differ from the green algal lineage due to a different compartmentalization of enzymes and to peculiar mechanisms of regulation. Owing to the silica shell, the cell wall has only a minor demand in carbohydrates with the consequence that the diatom biomass is enriched in lipids and proteins compared with other algal taxa. All together these facts result in a different C-allocation regulation in diatoms, whose mechanisms are not yet understood. Recent advances in transgenic cell lines and the discovery of aureochromes as genetic and metabolic regulators open the future perspective to understand the regulatory network in more detail. This progress would help to generate diatom cells engineered for bio-production of valuable product on a knowledge-based strategy.
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